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368Objectives:We sought to characterize factors and outcomes associated with postoperative acute kidney injury
in infants undergoing cardiac surgery.
Methods: We retrospectively studied 430 infants (<90 days) who underwent heart surgery for congenital
defects. With a pediatric modified version of the Acute Kidney Injury Network classification, we performed sta-
tistical analyses to detect factors and outcomes associated with postoperative acute kidney injury.
Results: Postoperative acute kidney injury occurred in 225 patients (52%): 135 patients (31%) reached max-
imum acute kidney injury stage I, 59 (14%) reached stage II, and 31 (7%) reached stage III. On multivariable
analysis, single-ventricle status (odds ratio, 1.6; 95% confidence interval, 1.08–2.37; P¼ .02), cardiopulmonary
bypass (odds ratio, 1.2; 95% confidence interval 1.01–1.47; P ¼ .04), and higher reference serum creatinine
(odds ratio, 5.1; 95% confidence interval, 1.94–13.2; P ¼ .0009) were associated with postoperative acute kid-
ney injury. Thirty-two (7%) patients died in the hospital. Multivariable logistic regression showed that more
severe acute kidney injury was associated with in-hospital mortality (maximum acute kidney injury stage II
odds ratio, 5.1; 95% confidence interval, 1.7–15.2; P¼ .004; maximum acute kidney injury stage III odds ratio,
9.46; 95% confidence interval, 2.91–30.7; P¼ .0002) and longer mechanical ventilation and inotropic support.
All acute kidney injury stages were associated with longer intensive care durations. Stage III acute kidney injury
was associated with systemic ventricular dysfunction at hospital discharge.
Conclusions: Perioperative acute kidney injury is common in infant heart surgery and portends a poor clinical
outcome. (J Thorac Cardiovasc Surg 2012;143:368-74)Acute kidney injury (AKI) is a well-known risk factor for
increased morbidity and mortality in hospitalized adults
and children.1-4 In adults, in whom the incidence of AKI
may be as high as 34%, AKI is also associated with
intensive care unit (ICU) stay and hospital costs.3,5-8 In
adults who undergo cardiac surgery, postoperative AKI is
associated with long-term mortality, independent of other
complications and comorbidities; this risk may be higher
for patients who require renal replacement therapy.9 Even
a modest postoperative increase in the serum creatinine
level (0.3 mg/dL) in patients who undergo cardiac surgery
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The Journal of Thoracic and Cardiovascular SurgRecently, the Acute Dialysis Quality Initiative issued
a consensus-based, multidimensional, graded classification
system known as RIFLE (Risk, Injury, Failure, Loss, and
End-Stage Kidney Disease)1,2,12,13 to classify AKI.
Degrees of AKI severity are classified as risk, injury, or
failure, according to the extent of increases in the serum
creatinine level, decreases in the glomerular filtration rate,
or prolonged oligoanuria.2 These criteria have been vali-
dated as predictive of mortality in studies encompassing dif-
ferent patient populations, including cardiac surgical
patients.1-3,13,14 A pediatric modified version of this
classification system, pRIFLE, has also been developed
and validated.1
The Acute Kidney Injury Network (AKIN) established
a system that classifies AKI into stages I through III on
the basis of small (0.3 mg/dL) increases in serum creati-
nine levels or oligoanuria in 48 hours.12 Several researchers
have compared the AKIN and RIFLE criteria for efficacy in
predicting morbidity and mortality in critically ill patients
and have not found any statistically significant differences
in outcome.13-15
Studies of AKI in pediatric cardiac surgery have been
limited to patients who require renal replacement therapy.
Zappitelli and coworkers11 found that small increases in
the serum creatinine level in the immediate postoperative
period predict the development of AKI according to the
pRIFLE criteria and that moderate to severe AKI isery c February 2012
Abbreviations and Acronyms
AKI ¼ acute kidney injury
AKIN ¼ Acute Kidney Injury Network
CI ¼ confidence interval
OR ¼ odds ratio
CPB ¼ cardiopulmonary bypass
ICU ¼ intensive care unit
LCOS ¼ low cardiac output syndrome
pRIFLE ¼ pediatric modified RIFLE
classification
RACHS-1 ¼ Risk Adjustment for Congenital
Heart Surgery
RIFLE ¼ Risk, Injury, Failure, Loss, and End-
Stage Kidney Disease
Blinder et al Congenital Heart Disease
C
H
Dassociated with increased morbidity and mortality. We un-
dertook a retrospective study of hospitalized infants who
underwent surgery for congenital heart disease to identify
factors and outcomes associated with postoperative AKI
by using the AKIN classification system.MATERIALS AND METHODS
After the study was approved by the Baylor College of Medicine insti-
tutional review board, we reviewed hospital medical records, nursing re-
cords, the laboratory database, the pediatric cardiology medical records
system (CardioIMS; Emageon, Inc, Birmingham, Ala), and the cardiac sur-
gical database. All infants (<90 days old) who underwent surgery for con-
genital heart disease from January 1, 2003, through December 31, 2008,
before initial hospital discharge were eligible for the analysis. Infants
who underwent cardiac surgery before 90 days of age but after the initial
hospital discharge were excluded from the analysis. Additionally, infants
were excluded if they were born before 34 weeks’ gestational age or if their
only operation was either patent ductus arteriosus ligation or pacemaker
implantation. Also, infants were excluded if the daily nursing record was
incomplete or unavailable or if clinical data were unavailable from the hos-
pital medical record.
Pediatric AKI was defined according to our modified version of the
AKIN criteria (Table 1). We made 2 modifications to these criteria. First,
we changed the urinary output criteria to use 8-hour increments instead of
6-hour increments, to be consistent with the definition of oligoanuria vali-
dated by the pRIFLE criteria, which provide the only validated metric of
AKI in children. Second, because peritoneal dialysis is used routinely at
our institution for perioperative fluid and electrolyte management, we did
not use renal replacement therapy as a criterion forAKI. Instead, we defined
the maximum AKI stage on the basis of either urinary output or serum cre-
atinine criteria. PreoperativeAKIwas defined as attainment of at least stage
I AKI by the AKIN criteria at any time before the index cardiac operation.
Postoperative AKI was identified by a rise of at least 0.3 mg/dL in serum
creatinine level in any 48-hour interval during the first 5 days after index sur-
gical intervention (eg, if a patient had a serum creatinine rise of 0.3 mg/dL
on postoperative day 5, the creatinine measurement taken on postoperative
day 3 was considered the reference measurement) or by oligoanuria of less
than 0.5 mL/(kg $ h) in an 8-hour period after the operation. In patients with
an indwelling urinary catheter, urinary output was measured with that in-
dwelling urinary catheter on an hourly basis. Laboratory values, including
serum lactate, serum creatinine, and blood urea nitrogen levels, wereThe Journal of Thoracic and Caobtained at least once daily according to the institutional clinical protocol.
Indications for peritoneal dialysis included evidence of postoperative low
cardiac output syndrome (LCOS), perioperative oligoanuria of less than
1 mL/(kg $ h) in a period of 4 to 6 hours, and nonresponsiveness to bolus
doses of furosemide. Peritoneal dialysis was usually initiated in the first 4
to 6 hours after the patient returned from the operating room, before we
could detect AKI according to the AKIN criteria.
We abstracted the following demographic and clinical data: gestational
age, age at time of surgery, sex, preoperativeweight, and postoperative hos-
pital stay. We defined low weight at surgical intervention as less than 3 kg
and young age as less than 10 days after birth at the time of surgery. Clinical
data included cardiac diagnosis, single-ventricle status, preoperative serum
creatinine level, preoperative exposure to aminoglycosides, Risk Adjust-
ment for Congenital Heart Surgery (RACHS-1) category, urinary output
on an hourly basis, laboratory values, systemic ventricular function on
echocardiography, intraoperative data, preoperative and postoperative me-
chanical ventilation, and inotropic support. Preoperative AKI was defined
as occurring in the period between the index hospital admission and index
surgical intervention. Cardiopulmonary bypass (CPB) time was analyzed
as an ordinal variable on the basis of the distribution of CPB times in our
patient cohort (0, no CPB; 1, CPB time<180 minutes; 2, CPB time 181–
240 minutes; 3, CPB time>240 minutes). The primary end points were
postoperative AKI and in-hospital mortality. The secondary end points
were hospital stay, prolonged ICU stay, duration of mechanical ventilation,
duration of postoperative inotropic support, systemic ventricular systolic
function on echocardiography, and serum creatinine level at hospital dis-
charge.We considered ICU stay, mechanical ventilation, and inotropic sup-
port to be prolonged if their duration was in the top quartile for our patient
cohort. For prolonged ICU stay, we defined the cutoff as at least 14 days,
and for prolonged duration of mechanical ventilation and duration of ino-
tropic therapy, we defined the cutoff as at least 7 days.
Ventricular systolic function was rated qualitatively as normal, mildly
depressed, moderately depressed, or severely depressed. Thirty randomly
selected echocardiograms obtained at hospital discharge were reviewed
by 2 independent, blinded echocardiologists to determine interobserver
variability.
For statistical analysis, Statistical Analysis Software (version 9.1; SAS
Institute, Inc, Cary, NC) was used. Continuous variables are presented as
mean SD or median with interquartile range as appropriate. The Student
t test was used to analyze continuous variables. The Mann-Whitney U test
was used for nonparametric data. The c2 and Fisher Exact tests were used
to evaluate bivariable associations with postoperative AKI and adverse out-
comes associated with postoperative AKI.
Multivariable logistic regression modeling was performed to determine
the odds of postoperative AKI and to assess the effect of AKI on primary
and secondary outcomes. All potential covariates determined by means
of univariate analysis (P<.15; Table 2) were included in the multivariable
logistic regression models. One of these models was used to test for asso-
ciations between postoperative AKI and the following factors: age, weight,
sex, single-ventricle status, exposure to preoperative aminoglycosides, pre-
operative AKI, CPB, RACHS-1 surgical score, maximum preoperative lac-
tate level, maximum preoperative serum creatinine level, preoperative
systemic ventricular dysfunction (as documented by echocardiography),
lowest intraoperative temperature in patients requiring CPB, and preoper-
ativemechanical ventilation or inotropic therapy. To detect associations be-
tween postoperative AKI and mortality and secondary end points, we
included the following covariates: age, weight, sex, single-ventricle status,
exposure to preoperative aminoglycosides, maximum preoperative lactate
level, preoperative AKI, CPB, lowest intraoperative temperature,
RACHS-1 category, preoperative AKI, systemic ventricular dysfunction
(as documented by echocardiography), postoperative cardiopulmonary re-
suscitation, and need for mechanical circulatory support. Model retention
was determined by means of forward stepwise regression. Data are pre-
sented as odds ratios (ORs) with 95% confidence intervals (CIs).rdiovascular Surgery c Volume 143, Number 2 369
TABLE 1. Pediatric modified Acute Kidney Injury Network criteria
AKI
stage
Urinary output
criteria Serum creatinine criteria
I <0.5 mL/(kg $ h)
in 8 h
Increase in serum creatinine level by
0.3 mg/dL or increase to 150%-200%
of reference value in 48 h
II <0.5 mL/(kg $ h)
in 16 h
Increase of serum creatinine level to
200%-300% of reference value in 48 h
III <0.3 mL/(kg $ h) in
24 h or anuria for
16 h
Increase of serum creatinine level to>300%
of reference value or serum creatinine level
of 4.0 mg/dL with acute rise of 0.5
mg/dL in 48 h
Criteria are based on the original Acute Kidney Injury Network criteria.12 Acute
kidney injury was defined as an abrupt decrease in renal function (in 48 hours), as in-
dicated by the changes in urinary output and serum creatinine level described in the
table. AKI, Acute kidney injury.
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DRESULTS
Eight hundred eighty-four infants underwent congenital
heart surgery between January 1, 2003, and December 31,
2008. There were 56 in-hospital deaths, for an in-hospital
mortality of 6%.Study Cohort
Of the 884 patients, 229 were excluded from the analysis
because their gestational age was less than 34 weeks orTABLE 2. Characteristics of infants with and without postoperative acute
Characteristics
All patients
(n ¼ 430)
Age at surgery (d, median and IQR) 7 (5–13)
Female (%) 44%
Weight at surgery (kg, median and IQR) 3.1 (2.8–3.5)
Preoperative serum creatinine (mg/dL, mean  SD) 0.7  0.5
Single ventricle (%) 47%
Preoperative AKI (AKIN criteria,%) 32%
Preoperative mechanical ventilation (%) 58%
Preoperative inotropic therapy (%) 34%
Maximum preoperative serum lactate level (mmol/L,
mean  SD)
3.5  3.0
Preoperative aminoglycoside exposure (%) 22%
Ventricular dysfunction on echocardiography (%) 13%
Cardiopulmonary bypass (%) 74%
Bypass time (no.)*
No cardiopulmonary bypass 110 (26%)
<180 min 128 (30%)
181–240 min 109 (25%)
>240 min 64 (15%)
Lowest intraoperative temperature (C, mean  SD) 20.8  4.5
RACHS-1 category (no.)
1–2 32 (7%)
3 141 (33%)
4 164 (38%)
5–6 88 (21%)
Peritoneal dialysis use (%) 53%
Postop, Postoperative; AKI, acute kidney injury; IQR, interquartile range; AKIN, Acute Kid
patients with acute kidney injury and 4 patients without acute kidney injury did not have
370 The Journal of Thoracic and Cardiovascular Surgbecause they were discharged from the hospital before the
index surgical intervention. Another 225 patients were ex-
cluded because they had missing data or incomplete medi-
cal records. The remaining 430 infants, 241 (56%) of whom
were male, met enrollment criteria and were included in the
analysis.
At the initial operation, the infants had a median age of
7 days (interquartile range, 5–13 days) and a median
weight of 3.1 kg (interquartile range, 2.8–3.5 kg). Two
hundred two patients (47%) had functional single ventri-
cle. Two hundred forty-nine patients (58%) required
preoperative mechanical ventilation, and 146 (34%) re-
quired preoperative inotropic medications. Ninety-eight
patients (23%) were exposed to aminoglycosides preoper-
atively. The mean reference serum creatinine level for the
entire cohort was 0.7  0.5 mg/dL. Preoperative AKI was
found in 136 patients (32%): 107 patients (25%) reached
maximum AKI stage I, 26 patients (6%) reached stage II,
and 3 patients (1%) reached stage III. The remaining 294
patients (68%) had no AKI. Eleven patients (3%) required
postoperative circulatory support. Fifty-six patients (13%)
had evidence of systemic ventricular systolic dysfunction
on the preoperative echocardiogram. Three hundred
twenty patients (74%) underwent CPB during corrective
or palliative surgery. Table 2 shows the distribution ofkidney injury: Univariate analysis
Postop AKI
(n ¼ 225)
No postop AKI
(n ¼ 205) P value
7 (4–11) 8 (5–15) .016
44% 44% .98
3.1 (2.8–3.4) 3.1 (2.8–3.4) .79
0.7  0.6 0.6  0.2 .03
53% 41% .007
37% 27% .014
63% 61% .81
40% 28% .009
3.7  2.9 3.4  3.0 .24
23% 21% .68
12% 14% .75
83% 65% <.0001
.02
38 (17%) 72 (35%)
77 (34%) 51 (25%)
56 (25%) 53 (26%)
39 (17%) 25 (12%)
20.7  4.4 21  4.6 .6
<.0001
6 (3%) 26 (13%)
60 (27%) 86 (42%)
104 (46%) 60 (27%)
55 (24%) 33 (16%)
68% 37% <.0001
ney Injury Network; RACHS, Risk Adjustment for Congenital Heart Surgery. *Fifteen
bypass times recorded.
ery c February 2012
TABLE 3. Factors independently associated with mortality in infants
with acute kidney injury
Factor Odds ratio
95% Confidence
interval
P
value
No AKI Reference — —
AKI stage I 1.3 0.4–4.1 .70
AKI stage II 5.1 1.7–15.2 .004
AKI stage III 9.5 2.9–30.7 .0002
Single ventricle 2.6 1.1–6.2 .03
Circulatory support 7.0 1.8–28 .006
Model fit C statistic, 0.8. Patients without acute kidney injury were the reference
group for these comparisons. AKI, Acute kidney injury.
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DRACHS-1 categories in patients with and without postop-
erative AKI. Two hundred twenty-eight patients (53%) re-
ceived postoperative peritoneal dialysis for fluid and
electrolyte management.
Incidence of and Factors Associated With
Postoperative AKI
Postoperative AKI occurred in 225 patients (52%). One
hundred thirty-five (31%) of these patients reached maxi-
mum AKI stage I, 59 (14%) reached stage II, and 31
(7%) reached stage III. Urinary output criteria were used
to assign the maximum AKI stage in 32 (23%) of the 135
patients with stage I AKI, 30 (51%) of the 59 patients
with stage II AKI, and 29 (94%) of the 31 patients with
stage III AKI.
Table 2 shows the characteristics and outcomes of pa-
tients with and without postoperative AKI, as assessed
by univariate analysis. Forty-two infants were younger
than 2 days old at the index surgical intervention. Those
with AKI were younger (median, 7 days; interquartile
range, 4–11 days; vs median, 8 days; interquartile range,
5–15 days; P ¼ .016) and were more likely to have
functional single ventricle (53% vs 41%; P ¼ .007),
were more likely to require preoperative inotropic
support (40% vs 28%; P ¼ .009), had higher serum cre-
atinine levels immediately before surgery (0.7  0.6 vs
0.6  0.2 mg/dL; P ¼ .03), were more likely to have pre-
operative AKI (37% vs 26%; P ¼ .014), and more fre-
quently required CPB (incidence, 83% with CPB vs
65% without CPB; P< .0001). When analyzed as an or-
dinal variable, duration of CPB was predictive of postop-
erative AKI (Table 2). Higher RACHS-1 categories were
associated with higher incidence of postoperative AKI
(Table 2). Sex, preoperative weight, preoperative serum
lactate levels, preoperative systemic ventricular function,
exposure to preoperative aminoglycosides, and mechani-
cal ventilation were not associated with postoperative
AKI.
All 430 patients were included in the multivariable
model (C statistic, 0.8). The analysis showed that an ele-
vated reference serum creatinine level (OR, 5.1; 95%
CI, 1.9–13.2; P ¼ .0009), single-ventricle status (OR,
1.6; 95% CI, 1.1–2.4; P ¼ .02), and need for CPB (OR,
1.2; 95% CI, 1.01–1.5; P ¼ .04) were associated with
postoperative AKI. In the multivariable model, neither pre-
operative AKI nor a higher RACHS-1 category was predic-
tive of postoperative AKI. We analyzed data from 89
patients (21%) with moderate to severe postoperative
AKI (AKIN stages II and III) to identify unique factors as-
sociated with this degree of AKI. We found that single-
ventricle status (OR, 1.8; 95% CI, 1.1–3.0; P ¼ .01) and
preoperative AKI (OR, 1.7; 95% CI, 1.02–2.74; P ¼ .04)
were associated with greater odds of moderate to severe
postoperative AKI by the AKIN criteria.The Journal of Thoracic and CaMortality
Thirty-two patients (7%) died during the postoperative
period. There was a significant difference in mortality be-
tween patients with postoperative AKI and those without
postoperative AKI (26 patients, 12%, vs 6 patients, 3%;
P¼ .0007). We performed multivariable logistic regression
(including all 430 patients, C statistic, 0.8) and found that
factors associated with postoperative in-hospital mortality
included functional single ventricle (OR, 2.6; 95% CI,
1.1-6.2; P ¼ .03), circulatory support (OR, 7.0; 95% CI,
1.8–28; P ¼ .006), and moderate to severe postoperative
AKI (stage II OR, 5.1; 95% CI, 1.7–15.2; P ¼ .004; stage
III OR, 9.5; 95% CI, 2.9–30.7; P ¼ .0002). The results
(Table 3) showed that mortality risk increases with AKI
stage.
Postoperative Outcomes Associated With AKI
Higher stages of postoperative AKI were associated with
greater odds of prolonged ICU stay (398 patients; C statis-
tic, 0.8), with a stage I OR of 2.2 (95% CI, 1.2–3.9;
P ¼ .01), a stage II OR of 3.0 (95% CI, 1.4–6.2;
P ¼ .003), and a stage III OR of 3.8 (95% CI, 1.6–9.2;
P ¼ .003). Functional single ventricle (OR, 2.8; 95% CI,
1.7–4.6; P ¼ .009), low preoperative weight (OR, 2.0;
95% CI, 1.2–3.3; P ¼ .005), and postoperative peritoneal
dialysis (OR, 1.8; 95% CI, 1.1–3.1; P ¼ .03) were all asso-
ciated with greater odds of a prolonged ICU stay (Table 4).
Stage II and III maximum AKI stage strata were associated
with prolonged mechanical ventilation (Table 5) and the
need for postoperative inotropic therapy (Table 6). We did
not find any relationship between postoperative AKI and
the duration of hospitalization. Postoperative AKI stage
III was independently associated with systemic ventricular
systolic dysfunction on echocardiography at hospital dis-
charge (OR, 5.1; 95% CI, 2.1–12.3; P ¼ .0003).
Perioperative Use of Peritoneal Dialysis
Two hundred ninety-eight patients (68%) had peritoneal
dialysis catheters placed in the operating room or during the
immediate postoperative period, and 228 patients (53%) re-
ceived peritoneal dialysis perioperatively for fluid andrdiovascular Surgery c Volume 143, Number 2 371
TABLE 4. Outcomes in infants with postoperative acute kidney injury: Univariable analysis
Factor All patients (n ¼ 430) Postop AKI (n ¼ 225) No postop AKI (n ¼ 205) P value
Duration of postopmechanical ventilation (d) 4 (3–6) 5 (3–7) 3 (2–5) .013
Duration of postop inotropic therapy (d) 5 (3–6) 6 (4–8) 4 (3–6) <.0001
Intensive care unit stay (d) 7 (1–14) 8 (4–20) 6 (1–10) .0001
Hospital stay (d) 23 (16–38) 24 (17–45) 21 (15–35) .002
In-hospital mortality (%) 7.4% 11.6% 2.9% <.0001
Results are reported as median with interquartile range unless otherwise noted. Postop, Postoperative; AKI, acute kidney injury.
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Delectrolyte management. Eighty (59%) of 135 patients with
postoperative stage I AKI, 46 (78%) of 59 patients with
postoperative stage II AKI, and 27 (87%) of 31 patients
with postoperative stage III AKI received peritoneal dialy-
sis. Sixty-eight percent of the patients who had develop-
ment of postoperative AKI received peritoneal dialysis
during the perioperative course, whereas only 37% of pa-
tients without AKI received peritoneal dialysis
(P< .0001). We compared the characteristics of patients
who received perioperative peritoneal dialysis with those
of patients who did not receive peritoneal dialysis. Patients
who underwent peritoneal dialysis were more likely to have
had preoperative inotropic support (35% vs 26%;
P ¼ .017), to have required CPB (83% vs 53%;
P< .0001), and to have had preoperative AKI (38% vs
24%; P ¼ .002). Age at surgery, weight, and sex were not
associated with the need for postoperative peritoneal
dialysis.DISCUSSION
We modified the AKIN classification criteria and have
been the first to use this modification to assess the inci-
dence, severity, and risks of AKI with regard to periopera-
tive outcomes in infants who have undergone cardiac
surgery. Our findings are in agreement with those of several
previous studies, which have shown that small changes in
kidney function can predict outcomes in critically ill pa-
tients, including children who undergo cardiac sur-
gery.10,11,16 Although our patients with stage I AKI did
not have greater mortality than did patients without AKI,TABLE 5. Factors independently associated with prolonged
postoperative mechanical ventilation in infants with acute kidney
injury
Factor Odds ratio
95% Confidence
interval
P
value
No AKI Reference —
AKI stage I 1.8 0.9–3.8 .11
AKI stage II 2.7 1.1–6.2 .02
AKI stage III 3.6 1.4–9.5 .01
Circulatory support 4.3 1.2–15.8 .03
Preoperative exposure to
aminoglycosides
2.1 1.1–3.9 .02
Model fit C statistic, 0.8. AKI, Acute kidney injury.
372 The Journal of Thoracic and Cardiovascular Surgsuch patients may be susceptible to additional
comorbidities associated with a prolonged ICU stay. Our
frequent use of peritoneal dialysis and the fact that our
patients were neonates may have caused us to
underestimate the true incidence of stage I AKI in our
cohort and therefore to underestimate the effects of stage
I AKI on our primary and secondary outcomes.
Nonetheless, in our study the postoperative incidence of
AKI (54%), particularly moderate to severe AKI, was
higher than that previously reported by others.11,14 This
difference may be due to our use of a smaller absolute
change in serum creatinine level as a diagnostic criterion
for AKI or to the sensitivity of our urinary output criteria:
51% of cases of stage II AKI and 94% of cases of stage
III AKI were detected by application of the urinary output
criteria. Previously, researchers have used renal
replacement therapy as a criterion for postoperative AKI;
we chose not to do so because widespread institutional
practice variations may limit the utility of this criterion
for comparative analyses.15,17
Like previous investigators, we found that the need for
CPB during surgical intervention was independently associ-
ated with postoperative AKI.7,11,17,18 When we treated CPB
as an ordinal variable, we found that longer CPB time was
associated with greater odds of postoperative AKI. These
results are consistent with those of previous studies of
AKI, which found an association between longer CPB
times and the development of AKI. The injury associated
with CPB is multifactorial and incompletely understood
but may be due, in part, to CPB-induced hypothermia.19
We did not find an association between hypothermia and
postoperative AKI. In addition, we identified a hithertoTABLE 6. Factors independently associated with prolonged
postoperative inotropic therapy in infants with acute kidney injury
Factor Odds ratio
95% Confidence
interval
P
value
No AKI Reference — —
AKI stage I 1.6 0.8–3.0 .18
AKI stage II 2.8 1.3–5.9 .007
AKI stage III 4.3 1.7–10.9 .002
Single ventricle 2.3 1.3–3.9 .009
Circulatory support 9.1 1.8–47.0 .003
Model fit C statistic, 0.8. AKI, Acute kidney injury.
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ventricle heart disease and postoperative AKI. Regional
blood-flow alterations have recently been implicated in
cerebral white-matter injury after palliation of single
ventricle.20 Similar regional blood-flow perturbations may
play a role in postoperative AKI, as well.
The RACHS-1 category was associated with postopera-
tive AKI in the univariate analysis but not in the multivari-
able model (data not shown). The reasons behind this
finding are unclear but may relate to the fact that patients
with functional single ventricle typically require operations
that are of greater surgical complexity in terms of RACHS-1
category, such that patients with functional single ventricles
would account for much of the variance noted in the multi-
variable model. Another possible explanation is that the
sample size may have been inadequate to detect differences
by multivariable analysis.
In our series, we found that higher postoperative AKI
stages were associated with a significant stepwise increase
in mortality risk. Zappitelli and coworkers11 associated
moderate to severe AKI (pRIFLE injury and failure) with
increased hospital mortality in children of all ages who un-
derwent cardiac surgery (mean age at operation, 2.8  4.7
years). Our study focused specifically on infants who under-
went such surgery. The underlying reasons for the increase
in AKI-related mortality risk are not well understood but
may include worsening fluid overload and pulmonary me-
chanics; these necessitate prolonged mechanical ventilation
and potentially increased exposure to invasive infection.21
In addition, recent basic science evidence suggests that kid-
ney injury or failure can lead to cardiac dysfunction as a re-
sult of interorgan ‘‘crosstalk’’22 that is independent of the
adverse renal consequences of serum electrolyte and fluid
dysregulation. The potential mediators of this crosstalk in-
clude cytokines and chemokines, which were unmeasured
in our cohort. Simultaneous cardiac and renal dysfunction
is referred to as cardiorenal syndrome.23
Our data may support the existence of a pediatric cardi-
orenal syndrome. Single-ventricle status was associated
with postoperative AKI, and severe postoperative AKI
was associated with systemic ventricular systolic dysfunc-
tion. In addition, a postoperative LCOS may contribute to
the development of postoperative AKI. Indeed, LCOS
may play a primary role in the development of postoperative
AKI through decreased renal blood flow or elevated central
venous pressure. We did not specifically assess for evidence
of LCOS in our patients, although oligoanuria or an abrupt
rise in serum creatinine may be reflective of LCOS.We can-
not exclude an LCOS as a possible cause of perioperative
AKI; postoperative LCOS, which may result in impaired re-
nal blood flow, elevated central venous pressure, and other
hemodynamic perturbations, may cause renal injury. Thus
this deleterious hemodynamic effect of LCOS supports
the concept of a cardiorenal syndrome. Although theseThe Journal of Thoracic and Caresults do not constitute direct evidence of a pediatric cardi-
orenal syndrome, they are highly suggestive of deleterious
interorgan effects between the kidney and the heart in this
population. Further assessment of this phenomenon, as
well as detailed echocardiographic assessment of systolic
and diastolic function, is needed.
Like Zappitelli and coworkers,11 we did not observe an
association between the total hospital stay and postopera-
tive AKI. Factors that affect the total hospital stay may be
independent of those that prolong the ICU stay. Among in-
fants, in particular, additional factors such as feeding diffi-
culties may increase the hospital stay independent of the
ICU stay. We did find a novel association between AKI
and the need for prolonged postoperative inotropic therapy
and mechanical ventilation.
Whereas the pediatric RIFLE criteria have been validated
among critically ill children, including those who undergo
cardiac surgery, the AKIN criteria have not previously
been applied to cardiac surgery in infants. Because previous
studies have shown the significance of a small rise in serum
creatinine levels in critically ill children,1,10,11,23 we
hypothesized that the AKIN criteria, with their 48-hour
window and smaller absolute increase in serum creatinine
levels, would be a more appropriate measure of postopera-
tive AKI. In addition, we hypothesized that using the uri-
nary output criteria would improve our ability to detect
postoperative AKI.We found that urinary output criteria de-
tected moderate to severe AKI more readily than did serum
creatinine criteria. In part, this may explain our finding of
a higher incidence than previously reported of moderate
to severe AKI in children who undergo cardiac surgery.
Our results confirm the utility of using small increases in
the serum creatinine level and prolonged oligoanuria to de-
tect AKI in critically ill infants.10,11,23
Currently, there are no well-established criteria for neo-
natal AKI. A low glomerular filtration rate during the first
week after birth may not be accompanied by an obvious
change in serum creatinine level. Becausewe based our def-
inition of AKI on the AKIN criteria, it is possible that some
neonates had AKI that went undetected because they did not
have the expected drop in serum creatinine during the first
week after birth or because they underwent surgery before
5 to 7 days after birth. As a result, we may have underesti-
mated the incidence of preoperative AKI in this neonatal
population.We recognize this as a potential limitation of the
study. In addition to predicting outcome, the consensus-
based definitions should encourage the clinician to detect
AKI earlier and to use treatments aimed at ameliorating
AKI earlier. Indeed, although not studied in this population,
early detection of moderate to severe AKI by either system
may be useful as a standard indication for renal replacement
therapy or other empirical therapies aimed at reducing AKI.
Our study’s limitations include those inherent in retro-
spective, single-center studies, in that we relied on therdiovascular Surgery c Volume 143, Number 2 373
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Daccuracy and availability of reported data to identify cases
of AKI. Furthermore, our sample size precludes a detailed
analysis of potentially underdocumented confounding
data. Clinical practice variations, including our institution’s
early and frequent use of peritoneal dialysis, and the lack of
clinical practice standardization may have influenced
secondary end points and limited their generalizability. Se-
rum creatinine levels may be artificially lower in patients
undergoing peritoneal dialysis than in patients who do not
undergo peritoneal dialysis. Additionally, although we
identified patient characteristics associated with postopera-
tive AKI as well as with adverse outcomes in patients with
postoperative AKI, these associations do not prove
causality.
The medium- and long-term outcomes of postoperative
AKI in infants and children with heart disease remain to
be determined. Further research should characterize the re-
lationship between postoperative AKI and fluid overload in
infants who undergo surgery for congenital heart disease.
Systems for classifying AKI can and should be used at
the bedside to risk stratify these infants. Novel urinary bio-
markers of AKI may help to improve bedside risk stratifica-
tion when used in association with current AKI
classification systems.16,24 Additional research should
focus on the relationships among AKI, organ crosstalk,
and systemic ventricular systolic and diastolic function.
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